The growth of the algae strain Chlorella vulgaris under mixotrophic conditions in the presence of saccharified acorn-starch (acorn-glucose) was evaluated with the objective of increasing biomass growth and triacylglycerols (TAGs) content. The results indicated that 81.3% of starch was converted to glucose in acorns. C.vulgaris algal strains grown with acorn-glucose produced higher biomass and TAGs content than with autotrophic growth. The highest biomass production and TAGs content with 3 g/L acorn-glucose were 12.44 g/L and 32.9%, respectively. Biomass production with 3 g/L acorn-glucose was 16.4 fold higher than under autotrophic growth condition. These findings suggested that 3 g/L acorn-glucose is economic and efficient for biomass production/productivity and TAGs content of microalgae. This study provides a feasible way to reduce the cost of bioenergy production from microalgae.
Introduction 1)
Algae strains that are robust and highly productive are selected for the conversion of biomass into energy (Spolaore et al., 2006) , and strains with relatively high lipid contents are very attractive for biodiesel fuel production (Choi, 2015b; Rudolfi et al., 2009) . Microalgae have received considerable interest as a source of renewable energy; however, further optimization of the mass culture conditions is necessary to make microalgal biofuel production economically viable and sustainable (Choi, 2014; Pittman et al., 2011) .
Many algal organisms can use either autotrophic, heterotrophic or mixotrophic metabolic processes for growth. The growth rate and biomass production for some algae in mixoor heterotrophic conditions can be several times higher than in photoautotrophic-only conditions (Qiao et al., 2009; Yang et al., 2000; Zhang et al., 2011) . Moreover, the synthesis of † To whom correspondence should be addressed.
hjchoi@cku.ac.kr This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. metabolic products, such as lipids and pigments, is influenced by the quality and quantity of organic carbon. The use of organic carbon in mixotrophic cultures reduces the need for carbon dioxide in the culture and facilitates the growth of algal species that are sensitive to agitation (Andrade and Costa, 2007; Chojnacka and Noworyta, 2004) . Bouarab et al. (2004) reported that Micractinium pusillum grew in the presence of organic substrates, such as glucose and acetate, under both mixotrophic and heterotrophic conditions. It can be concluded from the above that mixotrophism is an ideal nutritional mode for high density cultivation of microalgae for the production of biofuels and functional components.
However, even though the biomass and lipid productivities are significantly higher compared with those from autotrophic growth, the cost of organic carbon sources (usually in the form of glucose or acetate) is high when compared to all other added nutrients. To overcome this high carbon cost, a cheap resource must be found.
Acorns are capable of providing such a supply. Acorns are much cheaper than other organic carbon sources and are found everywhere in the world. The acorn is the nut from oaks and their close relatives (genera Quercus and Litho-carpus, in the family Fagaceae). It usually contains a single seed (rarely two seeds), enclosed in a tough, leathery shell and borne in a cup-shaped cupule. Acorns vary from 1-6 cm in length and 0.8-4 cm in width. Acorns are also rich in nutrients. Percentages vary from species to species, but all acorns contain large amounts of water (10.6%), protein (0.8%), carbohydrates (87.3%) and fats (1.2%), as well as various minerals (e.g., calcium, phosphorus, magnesium, potassium and the vitamin niacin) and sugar (e.g., rhamnose, galactose, arainose, mannose, fucose and xylose) (Choi, 2015a) . Glucose is especially rich in the acorn, representing 97.9% of the sugar composition. Glucose is an important carbohydrate in biology, indicated by the fact that cells use it as a secondary source of energy and a metabolic intermediate. Glucose is one of the main products of photosynthesis and fuels for cellular respiration (Pyle et al., 2008) . In mixotrophic growth, there are two distinctive processes: photosynthesis and aerobic respiration. The former is influenced by light intensity, and the latter is related to the organic substrate (glucose) concentration (Andruleviciute et al., 2014; Heredia-Arroyo et al., 2011) . The high cell density in mixotrophic cultures has demonstrated that the growth stimulating effects of light and CO2 in mixotrophic cultures are as strong as the effects of glucose (Kong et al., 2013) .
The above findings suggest that acorn-glucose is a potential substrate for the mixotrophic cultivation of microalgae that may reduce the production cost of microalgal biodiesel.
However, there are few reports on the use of acorn-glucose in biomass production and algal cell components under mixotrophic conditions. Therefore, the effects of various concentrations of saccharified acorn-starch (acorn-glucose) on the biomass growth and triacylglycerols (TAGs) content of Chlorella vulgaris (C. vulgaris) were evaluated under mixotrophic conditions in this study.
Materials and Methods

Microalgae Cultures and Medium
The investigated microalgae were isolated from KMMCC (Korea Marine Microalgae Culture Center). The C. vulgaris Mixotrophic conditions for microalgae cultivation were achieved with acorn-glucose. This acorn contained considerable amounts of starch and glucose. The corresponding amount of acorn-glucose was added to the JM growth medium to achieve the desired mixotrophic medium. The cultures were shaken by hand several times a day to avoid sticking.
Pretreatment of Acorn
Acorns were collected in Ganuneung City in Korea. To remove adherent and interference materials, such as organics and salts, the acorns were rinsed several times with deionised water. After cleaning, the hard shell of the acorn was removed, and the nuts were dried in an oven at 105°C for 24 h then crushed into a fine powder using a mortar and pestle. Tannins were removed by soaking chopped acorns in several changes of water until the water no longer turned brown. The acorn powder was extracted using ultrasonic cycle extraction equipment (JYD-US01, Shenzhen Jiayuanda Technol. Co., Ltd, Guangdong, China) with 20-kHz ultrasonic frequency in an 80% ethanol solution for 120 min with a liquid-to-solid ratio of 15:1 (Pan et al., 2014) .
Saccharification of Acorn-starch
Acorn powder was added to deionized water at a ratio of 1:5 and mixed with calcium chloride and α-amylase (30 U/g dry acorn) for 2h at 90°C. The liquefied mixture was saccharified with glucoamylase (150 U/g dry acorn) for 4h at pH 4.0 and 60°C (Tang et al., 2011) . Acorn powder was treated as above for the liquefaction step; however, the saccharification step was allowed to continue for 12 h to completely convert all the starch to glucose. The glucose was measured to determine the total starch in the powder.
Analytical Methods
The experiment was carried out five times, and the mean values and standard deviations were calculated. Saccharifica-tion of starch represents a normal glucose equivalent (Dextrose Equivalent, DE). DE = (Glucose form saccharified starch/ total solid) × 100
Proximate Compositions
The moisture content of the acorns was determined by drying the various parts in an oven at 105°C until a constant weight was obtained. The crude protein content was calculated by converting the nitrogen content, which was determined using the method proposed by Kjeldahl (6.25 × N).
The fat content was determined with the acid saccharification Soxhlet system using the method described by the AOAC (2005). The ash content was determined by dry ashing in a furnace oven at 600°C for 10 h. The carbohydrate content was estimated by subtracting the sum of the weights of the protein, fibre and ash from the total dry matter. All determinations were performed in triplicate.
Measurement of Minerals
The samples used for mineral determination were first digested in HNO 3 /HCl. The elements K, Ca, Fe, Na and Mg were measured with atomic absorption spectrophotometry (AAS) using a Varian Spectra atomic absorption spectrophotometer, Buck Scientific 210 GVP model. All determinations were performed in triplicate, and we also added spike samples to verify the accuracy of the procedure. P was analysed according to the Mo-blue method using a UV/Vis Spectrophotometer DU800 (Beckman Coulter, USA).
Determination of Monosaccharides for Acorn
The monosaccharide content was determined by a method of separation described by Blakeney et al. (1983) . The 10-mg sample was placed into a Teflon-lined screw cap tube and mixed with 125 µL of 73% (w/w) H 2 SO 4 . After 45 minutes, the solution was saccharified with 1.35 mL of distilled water at 100°C for 3 hour, and then it was neutralised by adding 320 µL of 15M NH 4 OH. After neutralization, 1 mL of 2% NaBH 4 in DMSO was added to the mixture to react for 90 minutes at 40°C. Next, 100 µL of 18 M glacial acetic acid, 200 µL of 1-methylimidazole and 2.0 mL of acetic anhydride were added to the reaction mixture and allowed to stand at room temperature for 10 minutes.
After decomposing, the excess acetic anhydride was separated into a microcentrifuge tube for analysis by GLC. The GLC analysis conditions are shown in Table 1 .
Measurement of Cell Weight and Specific Growth Rate
Acorn-glucose at various concentrations (0, 1, 2, 3 and 5 g/L) was added during the initial growth phase and the growth of the algae biomass as well as the lipid accumulation was evaluated. To determine the biomass concentration, in an oven at 105ºC for 24 h to constant weight. The biomass productivity P (g/(L day)) was calculated from the variation in biomass concentration X (g/L) within a cultivation time t (in days), according to the following equation:
The specific growth rate µ (in days) was calculated using equation (2):
where X 1 and X 0 are the biomass concentration (g/L) on days t 1 and t 0 , respectively.
Extraction of Lipids
The algal biomass for lipid extraction was prepared by centrifugation and drying. After oven drying, the algae were pulverised and subjected to Soxhlet extraction. All Soxhlet extractions were performed for 72 h using 500 mL of solvent (Stehfest et al., 2005) . The amount of TAGs in the extract solutions was determined using a standard graph, and the amount of TAGs was calculated in the dry algae (%, w/w). The experiments were performed five times, and the mean values and standard deviations were calculated.
Results and Discussion
Saccharification of Acorn Powder
The composition of raw acorn and saccharified acorn is represented in diluted (Charef et al., 2008) . However, if the concentration of oligosaccharides is high, isomaltose and panose can be regenerated using saccharified energy from maltose and glucose. In particular, since the concentration of glucose and maltose increase rapidly in accordance with the progress of sacchrification, the regeneration of isomaltose and panose also occurs rapidly (Tang et al., 2011) . Thus, obtaining a large amount of glucose from starch saccharification is difficult. Glucose is a very important carbon source for the growth of microalgae under mixotrophic conditions and was the main sugar composition in the acorns evaluated. Chaudhary et al. (2012) reported that glucose is a very important factor for microalgae growth and that E. coli growth with glucose is 3 times faster than with glycerol. The results of the current study indicated that the acorns contained a considerable amount of carbonate and glucose, which positively affected the growth of microalgae. Figure 2 shows the effect of different acorn-glucose concentrations on the growth of C. vulgaris compared to growth in the autotrophic condition. On the first day, the microalgae grew at the same rate in all concentrations of acorn-glucose.
Effect of Acorn-glucose Dosage on the Growth of Algal Species
After 2 days, microalgae growth in 5 g/L acorn-glucose was significantly higher than the other samples. The biomass increased for the first 6 days in the sample containing 5 g/L acorn-glucose. Thereafter, the rate of biomass production was similar to the 3 g/L acorn-glucose sample, indicating that high glucose concentrations inhibit the growth of microalgae. was much more eugenic in the light than in the dark and was higher in the presence of glucose than acetate. It can be concluded from the above that mixotrophism is an ideal nutritional model for the production of biofuels and functional components. In the present study, the acorn-glucose concentration influenced the biomass production of C. vulgaris.
The results of this study suggest that the investigated algae species may be excellent biofuel producers because organic materials stimulate the growth rate of these strains.
Growth of C. vulgaris in various acorn-glucose concentrations depicted in Figure 3 . C. vulgaris achieved a maximum biomass productivity of 0.342±0.015 g/L day and a maximum specific grow rate of 0.367±0.021 g/L day with 3 g/L acorn-glucose. The maximum biomass productivity and maximum specific growth rate in samples with acorn-glucose were higher than the authotrophic condition.
An early report indicated that mixotrophic growth had the potential to greatly increase the microalgal cell concentration and volumetric productivity in a batch system (Yamane et al., 2001) . The report established that the adenosine triphosphate formed in photochemical reactions accelerated vulgaris has the potential to be an excellent biofuel producer because the growth rate of the strains can be stimulated by organic materials.
Total TAGs (triacylglycerols) Content in Algae Species
The total TAGs content with different acorn-glucose concentrations are represented in Table 3 . The highest TAGs content was 32.9% for C. vulgaris with 3 g/L acorn-glucose. Shim et al., 2005) . Acorn-glucose does not contaminate the growth medium, which can be recycled to reduce not only the cost and the demand for water but also the extra operational costs for reusing growth medium. This cost effective carbon source will help reduce the production cost of using algae for biodiesel.
Conclusions
The growth of the algae strain C. vulgaris under mixotrophic conditions in the presence of saccharified acorn-starch 
